Bumble bees (Bombus) are vitally important pollinators of wild plants and agricultural crops worldwide. Fragmentary observations, however, have suggested population declines in several North American species. Despite rising concern over these observations in the United States, highlighted in a recent National Academy of Sciences report, a national assessment of the geographic scope and possible causal factors of bumble bee decline is lacking. Here, we report results of a 3-y interdisciplinary study of changing distributions, population genetic structure, and levels of pathogen infection in bumble bee populations across the United States. We compare current and historical distributions of eight species, compiling a database of >73,000 museum records for comparison with data from intensive nationwide surveys of >16,000 specimens. We show that the relative abundances of four species have declined by up to 96% and that their surveyed geographic ranges have contracted by 23-87%, some within the last 20 y. We also show that declining populations have significantly higher infection levels of the microsporidian pathogen Nosema bombi and lower genetic diversity compared with co-occurring populations of the stable (nondeclining) species. Higher pathogen prevalence and reduced genetic diversity are, thus, realistic predictors of these alarming patterns of decline in North America, although cause and effect remain uncertain.
Bumble bees (Bombus) are vitally important pollinators of wild plants and agricultural crops worldwide. Fragmentary observations, however, have suggested population declines in several North American species. Despite rising concern over these observations in the United States, highlighted in a recent National Academy of Sciences report, a national assessment of the geographic scope and possible causal factors of bumble bee decline is lacking. Here, we report results of a 3-y interdisciplinary study of changing distributions, population genetic structure, and levels of pathogen infection in bumble bee populations across the United States. We compare current and historical distributions of eight species, compiling a database of >73,000 museum records for comparison with data from intensive nationwide surveys of >16,000 specimens. We show that the relative abundances of four species have declined by up to 96% and that their surveyed geographic ranges have contracted by 23-87%, some within the last 20 y. We also show that declining populations have significantly higher infection levels of the microsporidian pathogen Nosema bombi and lower genetic diversity compared with co-occurring populations of the stable (nondeclining) species. Higher pathogen prevalence and reduced genetic diversity are, thus, realistic predictors of these alarming patterns of decline in North America, although cause and effect remain uncertain. B umble bees (Bombus) are integral wild pollinators within native plant communities throughout temperate ecosystems (1) (2) (3) (4) (5) , and recent domestication has boosted their economic importance in crop pollination to a level surpassed only by the honey bee (6) . Their robust size, long tongues, and buzz-pollination behavior (high-frequency buzzing to release pollen from flowers) significantly increase the efficiency of pollen transfer in multibillion dollar crops such as tomatoes and berries. Disturbing reports of bumble bee population declines in Europe have recently spilled over into North America, fueling environmental and economic concerns of global decline (7) (8) (9) . However, the evidence for largescale range reductions across North America is lacking. Many reports of decline are unpublished, and the few published studies are limited to independent local surveys in northern California/ southern Oregon (10), Ontario, Canada (11) , and Illinois (12) .
Furthermore, causal factors leading to the alleged decline of bumble bee populations in North America remain speculative. One compelling but untested hypothesis for the cause of decline in the United States (10) entails the spread of a putatively introduced pathogen, Nosema bombi, which is an obligate intracellular microsporidian parasite found commonly in bumble bees throughout Europe (13-16) but largely unstudied in North America. Pathogenic effects of N. bombi may vary depending on the host species and reproductive caste and include reductions in colony growth and individual life span and fitness (15, 16) . Population genetic factors could also play a role in Bombus population decline (8) . For instance, small effective population sizes and reduced gene flow among fragmented habitats can result in losses of genetic diversity with negative consequences (17) , and the detrimental impacts of these genetic factors can be especially intensified in bees (18) . Population genetic studies of Bombus are rare worldwide. A single study in the United States identified lower genetic diversity and elevated genetic differentiation (F ST ) among Illinois populations of the putatively declining B. pensylvanicus relative to those of a codistributed stable species (19) . Similar patterns have been observed in comparative studies of some European species (8) , but most investigations have been geographically restricted and based on limited sampling within and among populations.
Although the investigations to date have provided important information on the increasing rarity of some bumble bee species in local populations, the different survey protocols and limited geographic scope of these studies cannot fully capture the general patterns necessary to evaluate the underlying processes or overall gravity of declines. Furthermore, valid tests of the N. bombi hypothesis and its risk to populations across North America call for data on its geographic distribution and infection prevalence among species. Likewise, testing the general importance of population genetic factors in bumble bee decline requires genetic comparisons derived from sampling of multiple stable and declining populations on a large geographic scale. From such range-wide comparisons, we provide incontrovertible evidence that multiple Bombus species have experienced sharp population declines at the national level. We also show that declining populations are associated with both high N. bombi infection levels and low genetic diversity. Table S1 ). We netted and identified a total of 16,788 bumble bees, including four focal target species suspected of recent population declines (west: B. occidentalis, N = 129; east: B. affinis, N = 22; B. pensylvanicus, N = 532; B. terricola, N = 31) (10, 12, 20) and four thought to have relatively stable populations (west: B. bifarius, N = 2,760; B. vosnesenskii, N = 902; east: B. bimaculatus, N = 1,033; B. impatiens, N = 3,128) (11, 12, 21) . Historical data are based on the assembly of a 73,759-specimen database (SI Methods, US Bumble Bee Natural History Collection Database) of the eight target species recorded from natural history Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. HM142724-HM142729 and HM173334-HM173341). 1 To whom correspondence should be addressed. E-mail: scameron@life.illinois.edu. museum collections throughout the United States (Fig. S1B and Table S2 ). Comparisons of the historical and current data revealed extensive range reductions ( Fig. 1 A, D , G, and H) and significant decreases in RA in all four species suspected of population decline (all P < 0.001) (Fig. 2) ; each was absent from significantly more sites predicted to have high occurrence probabilities than were stable species (Fisher's exact tests; all P < 0.001) (Table S4 ). Declines in RA appear only within the last 20-30 y, with RA values from current surveys lower than in any decade of the last century (Fig. S1C) . The four allegedly stable species showed no clear patterns of range reduction (Fig. 1 B, C , E, and F and Tables S2, S4, and S5) or consistent declines in RA.
Results

Geographic
Historically, B. occidentalis and B. pensylvanicus had among the broadest geographic ranges of any bumble bee species in North America ( Fig. 1 and Table S5 ). However, the current surveys detected B. occidentalis only throughout the intermountain west and Rocky Mountains; it was largely absent from the western portion of its range (Figs. 1A and 2) (detected range-area re- duction = 28%). B. pensylvanicus (Figs. 1D and 2) was not observed across most of its historical northern and eastern range (estimated reduction = 23%) and was abundant only in the south across the Gulf states and in the western portion of the Midwest. Similarly, B. affinis (Figs. 1G and 2), which was once found throughout the eastern United States and northern Midwest, was detected only in small numbers (N = 22) at three locations in Illinois and one in Indiana (estimated reduction = 87%). B. terricola (sister species to B. occidentalis) (22) , which formerly occupied northern and upland regions of the east and Midwest (Figs. 1H and 2), was less abundant relative to the historical data ( Fig. 2) but still detectable at a number of northeastern and highelevation Appalachian Mountain sites ( Fig. 1H ) (estimated reduction = 31%) (Table S5 ).
Host Pathogen Infection. We also investigated the relationship between patterns of decline and levels of pathogen infection. To quantify the prevalence of N. bombi in the target species (SI Methods, Pathogen Screening), we examined midgut tissues from 6,708 specimens for presence of the microsporidian spores using phase-contrast microscopy. We confirmed the identity of N. bombi by sequencing a ∼600-bp fragment, including the internal transcribed spacer and parts of the large and small rRNA genes (13) . We found significantly higher prevalence of N. bombi in declining B. occidentalis (37% of individuals surveyed) and B. pensylvanicus (15.2%) than in the stable species [binomial generalized linear models (GLM); P < 0.001] (Fig. 3A and Table S6 ). B. affinis and B. terricola were excluded from statistical analyses because of small sample sizes, but the available data show that B. affinis followed the infection trend of the other declining species with infected individuals collected at four of five sites (7 of 14 total individuals infected). The trend for B. terricola was less strong, although the proportion of infected individuals was nonetheless greater than that of any stable species (two of nine sites and 3 of 32 individuals infected). The infection intensities were also highest within B. occidentalis and B. pensylvanicus individuals (SI Methods, Pathogen Screening). All sequenced North American N. bombi isolates were genetically identical to European isolates (Table S7) .
Genetic Diversity. We tested whether population genetic diversity and structure are related to the observed patterns of population decline and stability by genotyping 8-11 microsatellite loci in six of the target species (insufficient samples were available for B. affinis and B. terricola) (Table S8) . Declining populations had significantly reduced gene diversity (H E ) relative to species with stable populations (Fig. 3B and Table 1 ). Also, foragers of the declining B. pensylvanicus and to a lesser extent, B. occidentalis (relative to B. bifarius but not B. vosnesenskii) originated from significantly fewer colonies at survey sites than foragers of stable species (Tables S8 and S9 ). Contrary to expectations from an earlier local study of B. pensylvanicus in Illinois (19) , there was no evidence that declining populations had significantly elevated range-wide population structure relative to stable species. Estimates of genetic differentiation (F ST and D) were low for all taxa (Table 1) . F ST ranged from 0.004 to 0.007, and D ranged from 0.026 to 0.042 for most species (Table 1) ; however, both were slightly higher in B. bifarius (F ST = 0.026; D = 0.140) and B. occidentalis (declining; F ST = 0.032; D = 0.124). Only B. bifarius exhibited intraspecific clustering (Fig. S1D ) when species were analyzed with the Bayesian genotype clustering algorithm STRUCTURE (23) . Overall, these species seem genetically cohesive, and it seems probable that populations experience substantial gene flow, even at large geographic scales.
Discussion
From a large-scale interdisciplinary study of Bombus species across the United States, we have quantified dramatic rangewide population declines in B. occidentalis, B. pensylvanicus, B. affinis, and B. terricola that have occurred over the last few decades. Our data show that these species are significantly less abundant and absent from many more localities than would be predicted from natural history collections, providing a broadscale geographic perspective of decline (Fig. 1) . Although these species have become rare or absent throughout large areas of their historical ranges, co-occurring species, such as B. bifarius, B. vosnesenskii, B. impatiens, and B. bimaculatus, remain relatively abundant and widespread.
The wide-scale reductions in range and abundance of North American species, which also confirm earlier studies of decline at local levels, are striking and cause for concern. However, it is unlikely that species have become fully extirpated from regions where we did not detect them. Although we surveyed the majority of geographic regions multiple times over multiple years, establishing local extinction would require more intensive sampling than was possible within the constraints of a 3-y nationwide study. Our conservative interpretation of the data is that, based on historical information and the large number of sites and specimens surveyed, declining species have become sufficiently rare in parts of their ranges to be difficult to detect. The persistence of residual populations beyond the ranges detected in our surveys is fully expected under the emerging pattern of changing bumble bee diversity in both North America and Europe, where global extinction of species has been rare to date. Rather, both continents are witnessing major reductions in the range and abundance of multiple species. In Europe, accumulating evidence suggests that narrow climatic niche breadth combined with reductions in food and nesting resources are responsible for the gradual declines observed in many Bombus since the 1950s. These declines seem to occur more rapidly near range margins (9) , which may also be the case in the United States (e.g., greater losses of B. occidentalis west of the Cascade-Sierra crest and declines of B. pensylvanicus in the north and northeast). However, contrary to a developing consensus in Europe that bumble bees with narrower climatic ranges are most susceptible to decline (9) , population declines in the United States can occur in some of the most previously abundant species that formerly occupied broad climatic ranges. Additional causes of decline, thus, seem to be at play in North America.
Before this study, circumstantial evidence linking the timing of Bombus population declines in the Pacific west to the collapse of commercial bumble bee production in California after N. bombi infection (24) led to the hypothesis that N. bombi had escaped into wild populations and was responsible for the declines (10). This temporal correlation was not verified by collection of N. bombi infection data in wild bees. Nevertheless, the hypothesis became widely reported (7, 9, 25, 26) . The significantly elevated N. bombi prevalence in declining Bombus populations detected in our study is consistent with the hypothesis that this pathogen could be adversely affecting some species. These observations are reminiscent of reports of other introduced fungal pathogens that pose widespread threats to some taxa, including frogs (Batrachochytrium dendrobatidis) and bats (Geomyces destructans) (27, 28) , but confirming a direct link between N. bombi and North American bumble bee decline will require further research. Comparative studies of susceptibility in declining and stable species will reveal whether the increased prevalence in declining species is the result of higher susceptibility to the pathogen or if N. bombi is simply more common in declining species for other reasons. Regarding the geographic origin of N. bombi, the identical ribosomal RNA (rRNA) sequence in North American and European isolates is consistent with the hypothesis of a recent introduction, but in-depth sampling and genetic screening are needed to determine whether N. bombi is invasive or a distinct North American strain. There is additional need to study other known bumble bee pathogens, such as Crithidia bombi (29, 30) , and possible viruses that could contribute to the observed species declines.
Estimates of lower range-wide genetic diversity suggest that B. occidentalis and B. pensylvanicus may also have smaller effective population sizes than stable co-occurring Bombus species, and this may play a role in bumble bee decline. The increased potential for inbreeding and genetic drift in small effective populations could lead to increased susceptibility to environmental pressures (17, 18, 31) , including N. bombi. On the positive side, high rates of gene flow, inferred from the low levels of genetic structure in both declining and stable species, suggest that diversity lost through drift in small effective populations could be replenished by dispersal. However, high dispersal rates could also facilitate the spread of (Table S6 ). (B) Average H E (± SE) per subpopulation. Letters indicate species pairs with significantly different H E (P = 0.001) as determined by 1,000 subpopulation permutations. In both A and B, statistical comparisons were conducted separately for western (no † ) and eastern ( † ) species.
infectious agents like N. bombi. Bumble bees are known to pick up certain pathogens while foraging on flowers (32), although there is no empirical evidence to indicate that N. bombi is transmitted in this fashion. Nonetheless, if infected reproductives disperse relatively long distances for mating or colony-founding, this could facilitate N. bombi transmission among populations. Our inference of high dispersal could, however, be reflecting past gene flow if habitat fragmentation has been too recent for migration and drift to reach equilibrium at the broad geographic scale presented here.
Intensive genetic analyses of individuals and populations at a local level across a fragmented landscape could provide information about barriers to dispersal at a finer scale. Behavioral studies of dispersal distances of reproductives would further elucidate the potential for gene flow.
Understanding the link between pathogen infection levels and population genetic parameters is a promising avenue for future research, and exploring species-and population-specific genetic differences in susceptibility to N. bombi infection would provide an important test of the pathogen hypothesis of decline. In this context, phylogenetic relationships may also be important in susceptibility to N. bombi or more generally, to population decline. Three of four seriously declining species in the United States are close relatives (B. affinis, B. terricola, and B. occidentalis) within the subgenus Bombus sensu stricto (22) . Only two other Bombus s. s. species occur in North America. One of these is critically imperiled or possibly extinct (B. franklini) (33) and therefore, could not be included in this study. The other occurs in Alaska (B. moderatus) and has yet to be fully assayed. B. pensylvanicus (subgenus Thoracobombus) is not closely related to Bombus s. s. species, but given the pattern of decline among North American Bombus s. s. relatives, we suspect other Thoracobombus (B. sonorus, B. californicus, and B. fervidus) may be at risk and deserve future monitoring.
Pollinator decline has become a worldwide issue (9, 34), raising increasing concerns over impacts on global food production (35), stability of pollination services (36) , and disruption of plant-pollinator networks (2, 3). The loss of pollinator diversity may have wide-ranging effects on both natural (e.g., wildflower pollination) and agricultural systems, where a heterogeneous community of native species can help buffer against the decline of managed species (5). Large-scale coordinated efforts to address the status of native pollinators in North America are, however, in their infancy, and bumble bee research is at the forefront. Future research on the complex interactions of habitat fragmentation, loss of floral and nesting resources, disease, and climate is needed to identify the major factors that lead to decline in bumble bee biodiversity. In accordance with the goals of the United Nations Convention on Biological Diversity to reduce the rate of species loss by 2010 (37) , such efforts to elucidate the causes and ecological impacts of bumble bee decline, in coordination with informed conservation strategies, will go a long way to mitigating further losses.
Methods
Study Species. We selected eight historically abundant North American Bombus as focal taxa, because preliminary observations suggested that these species have experienced recent demographic trajectories ranging from population declines to possible expansions. In the western United States, we focused on B. occidentalis (declining), B. vosnesenskii (stable), and B. bifarius (stable); target species in the east were B. pensylvanicus (declining), B. affinis (declining), B. terricola (declining), B. bimaculatus (stable), and B. impatiens (stable). All statistical analyses are presented separately for western and eastern taxa.
Distribution and Relative Abundance Comparisons (SI Methods).
To determine contemporary distributions and relative abundances, between 2007 and 2009, we surveyed all bumble bee species present at 382 sites in 40 US states for a period of ∼1 ± 0.5 SD person-h. Only target species were killed; other sampled species were released at the end of each survey. To determine historical distributions and relative abundances, we compiled a 73,759-specimen natural history collection database. The current iteration of the Bombus database is available on request (from S.A.C.) and on completion, will be hosted on the Global Biodiversity Information Facility (GBIF). We predicted potential historical ranges of each species with the statistical niche modeling algorithm MaxEnt v3.3 (38) . We used z tests of equal proportions (Eq. 1) to compare relative abundances of target species between contemporary and historical collections (1900-1999) across four geographic categories: global west, B. bifarius and B. occidentalis; Pacific west, B. bifarius, B. occidentalis, and B. vosnesenskii; global east, B. bimaculatus, B. impatiens, and B. pensylvanicus; and northern/ coastal east, B. affinis, B. bimaculatus, B. impatiens, B. pensylvanicus, and B. terricola (Fig. 2 has the states included) (Eq. 1).
where b p h = estimated historic relative abundance, b p c = estimated current relative abundance, n h = total historic abundance across all target bumble bee species, and n c = total current abundance of all target bumble bee species. A similar approach to determine changes in relative abundance of bumble bee communities has been applied previously (11) . Nonstatistical comparisons of relative abundance were also made for each decade (Fig.  S1C) . We partitioned the relative abundance analysis into these four regional categories, because B. vosnesenskii, B. affinis, and B. terricola are more restricted in geographic range than the other target species. The more restricted regional categories, Pacific west and northern/coastal east, allowed a more direct geographic comparison of these species.
We used predictions from our statistical niche models ( Fig. 1 ) in two additional assessments of decline patterns. We created binary presence-absence rasters from the continuous MaxEnt models (logistic threshold = 0.20), which produced conservative (i.e., omitted several actual survey observations) but reasonably realistic distribution maps for the eight target species. For each species, survey sites within the presence distribution were scored as an expected occurrence (any omitted actual occurrences caused by the conservative threshold were added to this presence class), and we calculated the fraction of expected sites where the species was observed; differences among species were tested with Fisher's exact tests (Table S4) . To obtain estimates of range-area losses for declining species, we then calculated the areas of minimum convex polygons, constructed in ArcView 9.2, for species occurrences in historical records and contemporary surveys, constraining areas to environments classified as suitable in the binary MaxEnt rasters (Table S5 ) and adjusting † F ST > 0 at P < 0.01.
estimates downward to compensate for range loss overprediction caused by sampling error (SI Methods, Comparisons of Historical and Contemporary Collections). These niche model-based approaches are only approximations of range loss for the declining Bombus species, because they do not account for differences in abundance across the species' ranges and assume occupancy of all environmentally suitable sites; however, given the broad distributions of North American Bombus and presently available data, they provide a useful initial approximation to be refined with future survey efforts.
Pathogen Analyses (SI Methods, Pathogen Screening). We determined the prevalence (individuals per species per site) and intensity (spores per microliter) of infection with N. bombi by phase-contrast microscopy. Differences in prevalence were tested using binomial GLMs. Species identity of N. bombi was confirmed by DNA sequencing of small and large rRNA subunits and internal transcribed spacer (ITS) region (GenBank accession nos. HM142724-HM142729 and HM173334-HM173341) (Table S7) .
Genetic Analyses (SI Methods, Genetic Analysis). Six species were genotyped at 8-11 microsatellite loci. Full sibs collected at each site were determined using COLONY 2.0 (39), and a single genotype per colony was retained for analysis. Differences among species in the proportion of unique colonies per site were tested using GLMs with quasibinomial errors. We calculated Nei's measure of gene diversity (H E ) and interlocus SE (40) , and differences among species were tested by 1,000 randomizations of subpopulation estimates of H E (using only loci successfully genotyped in all species within each region). Intraspecific genetic differentiation was estimated using F ST (41) , actual differentiation (D) (42) , and the computer program STRUC-TURE v.2.3.3 (23) .
